The aim of the present work was to investigate the neurochemical changes induced in the cerebellum of rat model of Parkinson's disease (PD). Rats were divided into two groups; control and rat model of PD induced by the intrastriatal injection of rotenone. As compared to control, a significant increase in the excitatory amino acid neurotransmitters; glutamate and aspartate together with a significant decrease in the inhibitory amino acids, GABA, glycine and taurine were observed in the cerebellum of rat model of PD. This was associated with a significant increase in lipid peroxidation, nitric oxide and tumor necrosis factor-α and a significant decrease in reduced glutathione. A significant decrease in acetylcholinesterase and a significant increase in Na + ,K + -ATPase were recorded in the cerebellum of rat model of PD. In addition the cerebellar sections from rat model of PD showed marked necrosis of Purkinje cells, irregular damaged cells, cytoplasmic shrinkage, necrosis and perineuronal vacuolation. The present results indicate that the disturbance in the balance between the excitatory and inhibitory amino acids may have a role in the pathogenesis of PD. According to the present neurochemical and histopathological changes, the cerebellum should be taken into consideration during the treatment of PD.
Introduction
Parkinson's disease (PD) is an age-related progressive neurodegenerative disorder. PD is characterized by dopaminergic neurons degeneration in the substantia nigra and subsequent depletion of the striatal dopamine content leading to bradykinesia, resting tremor, rigidity, and loss of postural balance (Moore et al. 2005) . Glutamate excitotoxicity, oxida-tive stress, and mitochondrial impairment are the primary factors leading to neuronal death (Schulz et al. 2000; Sayre et al. 2001) . Moore et al. (2005) reported that mitochondrial dysfunction and oxidative stress have been considered to play an important role in the pathophysiological mechanisms underlying PD.
Although the decreased dopamine level in the basal ganglia represents the major target for clinical and experimental research (Hornykiewicz 2006) , much evidence suggests the involvement of cerebellar dysfunction together with the basal ganglia in mediating many Parkinsonian symptoms (Wu and Hallett 2013) . The two subcortical areas, cerebellum and basal ganglia, have been reported to affect multiple motor, cognitive and afferent behaviors (Strick et al. 2009 ). The anatomical two way connection between the cerebellum and basal ganglia emphasizes the role of the cerebellum in PD (Bostan et al. 2010 ). In addition, a disynaptic connection has been elucidated between the cerebellum and striatum in rats (Hoshi et al. 2005) .
At the onset of tremor episodes, it has been found that the basal ganglia are transiently activated, whereas tremors amplitude-related activity is correlated with the cerebellothalamo-cortical circuit (Helmich et al. 2011) . These findings indicate that resting tremors may result from a pathological interaction between the basal ganglia and the cerebellothalamo-cortical circuit while tremor generation may be triggered by activity in the basal ganglia (Lewis et al. 2011) .
Pathologically, in rat and monkey model of PD induced by 6-hydroxydopamine, it has been found that degeneration of nigrostriatal dopaminergic neurons causes dysfunction of the basal ganglia-thalamic and cerebello-thalamic pathways (Rolland et al 2007) . In addition, the mouse model of PD induced by MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) showed loss of Nissil-stained Purkinje cells (Takada et al. 1993 ). Morphometrically, a significant reduction in the left cerebellum was observed in patients at an early stage of PD compared with control subjects (Borghammer et al. 2010) . Using brain imaging in PD patients and a variety of motor tasks, hyperactivation was detected in the primary motor cortex (Sabatini et al. 2000; Haslinger et al. 2001) and cerebellum (Wu and Haltett 2005) . This hyperactivation has been viewed as a strategy of the central nervous system (CNS) to compensate for defective function in the basal ganglia (Sabatini et al. 2000; Wu and Haltett 2005) . Jiao et al. (2008) have shown the involvement of N-methyl-D-aspartate (NMDA) receptor subunits -NMDAR1, NMDA2B in the cerebellum in motor learning of the mouse. In addition, in cerebellar local circuits, GABAergic neurons play a role in lateral inhibition and negative feedback mechanisms on the Purkinje and granule cells. Elimination of GABAergic input from the Golgi cells in the cerebellar granular layer caused over excitation of granule cells resulting in severe ataxia during the acute phase (Watanabe et al. 1998) . Excitotoxicity induced by massive release of glutamate may be counteracted by the simultaneous enhanced release of inhibitory 4-gamma aminobutyric acid (GABA) and taurine Oja 1997, 1998) .
The aim of the present study is to investigate the pathophysiological role of the cerebellum in the rat model of PD induced by intrastriatal rotenone injection. This was carried out by measuring the concentration of cerebellar amino acid neurotransmitters, the activities of AChE and Na + ,K + -ATPase, the levels of TNF-α and some oxidative stress parameters in the cerebellum of lesioned animals. The present study extended to examine the histopathological changes induced in the cerebellum of the present Parkinsonian rat model.
Materials and Methods

Animals
Twenty male Wistar rats, obtained from the Animal House of the National Research Centre, Cairo, weighing between 230 and 250 g were used. They were housed under temperatureand light-controlled conditions with standard laboratory rodent chow and water provided ad libitum. Animal procedures were carried out according to the Ethics Committee of the National Research Centre which follows the recommendations of the National Institutes of Health Guide for Care and Use of Laboratory Animals (publication no. 85-23, revised 1985) .
Chemicals
Rotenone was purchased from Sigma Chemical Co. (St. Louis, MO, USA). It was dissolved in dimethyl sulfoxide (DMSO) which was also purchased from Sigma Chemical Co. (St. Louis, MO, USA). Absolute ethyl alcohol, triethylamine, sulfanilamide, N-1-naphthylethylene diamine, thiobarbituric acid, perchloric acid, and trichloroacetic acid were obtained from Sigma Aldrich. In addition, acetylthiocholine iodide, 5,5'-dithio bis-(2-nitrobenzoic acid) (DTNB), glutathione, ethylene diaminetetracetic acid, and phosphate buffers were purchased from Sigma Aldrich. Analytical-grade lithium carbonate, dansyl chloride, glacial acetic acid, and high-performance liquid chromatography (HPLC)-grade acetonitrile were obtained from Fisher (UK). Free amino acids for standard and HPLC-grade methanol were purchased from BDH (England).
Surgical procedures and experimental design
Experimental animals were divided into 2 groups -control (n = 10) and PD-induced (n = 10). Rats were anaesthetized with sodium pentobarbital (40 mg/kg, i.p.) . After shaving the hair from the fronto-occipital area, antisepsis was performed with 2% iodine solution. A hole of 0.5 mm was made to the right of the bregma until the dura matter was exposed. With the use of a Hamilton syringe fitted with a 30-gauge needle, the solution of rotenone (10 μg/3 μl/rat) was injected, 1 μl/ min, into the right striatum at AP 0.0, L −2.5, V 5.5 mm relative to bregma as described by Mulcahy et al. (2011) . Using the previous coordinates, control rats were injected with DMSO (3 μl/rat). After the injection, burr hole was sealed with bone wax and antibiotic powder (neosporin) was sprayed at the incision. After surgery, the animals were left for four weeks to establish the animal model of PD as described by Mulcahy et al. (2011) .
Four weeks after surgery, all animals were sacrificed. The brain of each rat was rapidly removed and the cerebellum was dissected out and divided into two equal halves. Each half was weighed and stored at -53°C until analyzed. The right halves were used for assaying amino acid neurotransmitters. The left halves were homogenized in 5% w/v 20 mMTris-HCl buffer, pH 7.4, centrifuged and used for the analysis of acetylcholinesterase (AChE) and Na + ,K + -ATPase activities and the levels of malondialdehyde (MDA), reduced glutathione (GSH), nitric oxide (NO) and tumor necrosis factor-alpha (TNF-α). Two cerebella of each group were used for histopathological examination.
Determination of amino acid concentrations
The quantitative determination of the amino acids (glutamate, aspartate, glutamine, GABA, glycine, and taurine) was carried out by using the high performance liquid chromatography (HPLC) method employed by Márquez et al. (1986) .
Tissue preparation
Each cerebellar half was homogenized in 2 ml 75% ethyl alcohol and 2 ml were used to rinse the homogenizer (Heidolph, Germany). Then the homogenates were centrifuged at 15,777 × g at 4°C in a high speed cooling centrifuge (Type 3k-30, Sigma, Germany) for 30 min. The clear supernatant was evaporated to dryness and frozen.
Dansylation reaction
Dansyl derivatization was carried out according to the method of Tapuhi et al. (1981) . Dried samples were dissolved in 0.5 ml lithium carbonate solution (40 mM adjusted to pH 9.5 with conc. HCl) containing 2-aminobutyric acid (0.08 mg/ ml) as an internal standard and then treated with 0.5 ml of dansyl chloride in acetonitrile (3 mg/ml). A standard amino acid mixture (containing glutamic acid, glutamine, aspartic acid, GABA, glycine, and taurine) was prepared by dissolving a known weight of each amino acid in lithium carbonate solution containing 2-aminobutyric acid to obtain a concentration of 0.01 μmol for each amino acid. This mixture was then dansylated as the sample. After stirring, both the sample and standard mixture were placed in an incubator at 38°C for 1 h. The samples were then removed from the incubator, transferred to an Eppendorf tube and centrifuged at 2817 × g for 15 min to remove the particulate matter. The supernatant was filtered through a Hamilton syringe provided with a 13 mm diameter (pore size 0.4 μm) disposable syringe filter. 10 µl of each sample and standard were finally injected into the HPLC system.
Determination of lipid peroxidation
MDA, as a measure of lipid peroxidation, was assayed in the cerebellum according to the method of Ruiz-Larrea et al. (1994) . Thiobarbituric acid reactive substances react with thiobarbituric acid to produce a red colored complex whose peak absorbance was read at 532 nm in a Helios Alpha UV-Visible spectrophotometer (ThermoSpectronic, England).
Determination of reduced glutathione
Ellman's method (1959) was used to measure GSH. The procedure is based on the reduction of Ellman's reagent by -SH groups of GSH to form 2-nitro-s-mercaptobenzoic acid whose intense yellow color is measured spectrophotometrically at 412 nm.
Determination of nitric oxide level
NO levels were measured using Griess reagent according to the method of Moshage et al. (1995) . Since nitrite is a stable end product of the nitric oxide radical, it is used as an indicator for NO. It is converted to a deep purple azo compound after the addition of Griess reagent. This purple/magenta color is read spectrophotometrically at 540 nm.
Determination of acetylcholinesterase activity
The procedure used for the determination of AChE activity was based on the method of Ellman et al. (1961) as modified by Gorun et al. (1978) . The principle of the method depends on the hydrolysis of acetylthiocholine iodide by acetycholinesterase to produce thiocholine which reacts with the -SH reagent DTNB. DTNB is reduced to thionitrobenzoic acid, a yellow colored anion whose absorption is read spectrophotometrically at 412 nm.
Determination of Na + ,K + -ATPase activity
Na + ,K + -ATPase activity was measured spectrophotometrically according to Bowler and Tirri (1974) as described by Tsakiris et al. (2000a) . Na + ,K + -ATPase activity was calculated as the difference between total ATPase activity (Na + , K + , Mg 2+ -dependent) and Mg 2+ -dependent ATPase activity. The color developed is read at 640 nm.
Determination of TNF-α
Estimation of TNF-α level in the cerebellum was carried out using rat TNF-α ELISA Kit supplied by Koma Biotech INC, Seoul (Korea). An anti-rat TNF-α coating antibody is adsorbed onto microwells. Rat TNF-α present in the sample or standard binds to antibodies adsorbed to the microwells. A biotin conjugated anti-rat TNF-α antibody is added and binds to the rat TNF-α which was captured by the first antibody. Following incubation, streptavidin-horseradish peroxidase (streptavidin-HRP) is added and binds to the biotin conjugated anti-rat TNF-α antibody. After incubation, the substrate solution reactive with HRP is added to the wells. A colored product is formed equivalent to the amount of rat TNF-α present in the sample or standard. The reaction is terminated by the addition of acid and the absorbance is measured at 450 nm. A standard curve is prepared from seven rat TNF-α standard dilutions and rat TNF-α concentration in the sample is determined.
Statistical analyses
The data were expressed as means ± standard error of mean (S.E.M.). All variables were tested for normal distribution and compared using the independent Student's t-test. All analyses were performed using the Statistical Package for Social Sciences (SPSS) software in a compatible computer and the significance was set at p < 0.05. The percentage difference (%D) was calculated as follows:
Histology
Histological studies were carried out primarily for confirmative/illustrative purposes. For assessment by means of light microscopy, the brains were fixed in 10% formaldehyde, embedded in paraffin, and cut serially at 8 Ǻ sections. Routine staining of sections with hematoxylin-eosin (H&E) was performed.
Results
Neurochemical results
As shown in Table 1 , there is a significant difference in the levels of the cerebellar amino acid neurotransmitters between control and rat model of PD. Student's t-test showed a significant increase in the cerebellar excitatory amino acids glutamate (40.48%) and aspartate (20.92%) and the amide, glutamine (14.58%) in the rat model of PD as compared to control. In addition, the cerebellar inhibitory amino acids GABA, glycine and taurine decreased significantly in PDinduced rats recording -43.47%, -48.25% and -9.97% below the control values, respectively. Table 2 showed significant increases in cerebellar NO, lipid peroxidation and TNF-α in the rat model of PD recording 44.54 %, 53.52 % and 49.15% above the control values, respectively. This was accompanied by a significant decrease in reduced glutathione level (-28.27%). In addition, the present findings revealed a significant decrease in AChE activity (-56.49%) and a significant increase in Na + , K + -ATPase activity (40.70%) in the cerebellum of rat model of PD (Table 2) .
Histopathological results
Histopathological examination of the cerebellum from control group revealed a normal neuronal structure. Neurons retained their shape and normal cellular configuration with obvious Table 2 . Changes in the levels of nitric oxide (NO), lipid peroxidation (MDA), reduced glutathione (GSH) and tumour necrosis factoralpha (TNF-α) and the activities of acetylcholinesterase (AChE) and Na + ,K + -ATPase in the cerebellum of rat model of PD nuclei ( Figure 1A) . The cerebellar sections from rat model of PD showed marked necrosis of Purkinje cells which had indistinct boundaries. The sections also exhibited irregu lar damaged cells and cytoplasmic shrinkage. There was evidence of pyknotic nuclei and chromatin condensation. Necrosis and perineuronal vacuolation were also observed ( Figure 1B) .
Discussion
The present rat model of PD was induced by unilateral intrastriatal rotenone injection which produces many of the neuropathological and behavioral features of human PD (Mulcahy et al. 2011 ). In addition, a recent study from our laboratory (Khadrawy et al. 2016 ) has shown that the unilateral intrastriatal injection of rotenone resulted in a significant decrease in dopamine content in the midbrain and striatum and changes in motor behavior. The authors concluded that these alterations support the success of this rat model of PD induced by rotenone.
The present study revealed the presence of neurochemical and histopathological changes in the cerebellum of rat model of PD induced by the intrastriatal injection of rotenone. This may change the strategy of the disease treatment that depends mainly on the restoration of dopamine levels in the basal ganglia.
The present findings showed the development of hyperexcitability in the cerebellum of PD-induced rats. This was indicated from the significant increase in the excitatory amino acid neurotransmitters, glutamate and aspartate and the significant decrease in the inhibitory amino acids, GABA, glycine and taurine. These neurotransmitters are involved in many functions such as motor behavior, cognition, and emotion (Schmidt et al. 1992 ). The balance between excitatory and inhibitory neurotransmission is important for brain to sustain proper neuronal function (Mel and Schiller 2004) . Sanacora et al. (2004) reported that perturbation in glutamatergic and GABAergic neurotransmission is associated with several neurological and psychiatric disorders.
Functional neuroimaging study using positron emission tomography (PET) or blood oxygen level-dependent functional magnetic resonance imaging (MRI) frequently demonstrated increased activation in the cerebellum in patients with PD during performance of various upper limb movements (Wu and Hallett 2005; Wu et al. 2010) . Increased activation of the cerebellum in PD appears not only during motor execution but also during the motor learning process (Bedard and Sanes 2009). The hyperactivation in the cerebellum not only occurs during motor tasks but also at rest. A functional MRI study showed increased spontaneous neuronal activity in the cerebellum in the resting state in patients with akinesia/rigidity PD (Wu et al. 2009 ).
On the other hand, a specific metabolic pattern was identified in patients with akinesia/rigidity PD using 18 Ffluorodeoxy-glucose PET. This was characterized by hypermetabolism in the striatum, thalamus, pons and cerebellum, together with hypometabolism in the supplementary motor cortex, premotor cortex and parieto-occipital association areas (Eidelberg 2009 ). In addition, it was found that patients with PD had significantly greater activation in the bilateral cerebellum, right thalamus and left midbrain/substantia nigra compared with the control subjects during motor exercise (Jahanshahi et al. 2010) . It has been suggested that the cerebellar hyperactivity may serve to compensate the defective function in the basal ganglia (Sabatini et al. 2000; Wu and Hallett 2005) . Other studies have viewed the hyperactivation in the cerebellum as a compensatory effort to maintain the decline in cognitive function in PD arising from the metabolic reduction in frontal and parietal association areas (Huang et al. 2007a (Huang et al. , 2007b . The suggested compensatory role of the present increase in cerebellar activity depends on the studies showing the absence of PD motor symptoms in spite of the loss of 50% of the dopaminergic neurons in the substantia nigra and 65% of dopamine level in the striatum (Lee et al. 2000) . The lack of observed motor pathology despite significant cell loss indicates the existence of redundancy and/or compensatory mechanisms that serve to delay the onset of symptoms and preserve an optimal level of motor function (Bezard et al. 2001) . Supporting this suggestion, the study of Heman et al. (2012) showed that the hyperactivation level in the cerebellar Purkinje cells correlated with the level of dopaminergic neuronal loss in the substantia nigra in Monkeys model of PD. Alternatively, it has been argued that hyperactivation could be related to specific signs of the disease such as rigidity (Kleine et al. 2001; Pierantozzi et al. 2001) .
Whether the increase in the cerebellar activity is a part of the pathological condition of PD or serves to compensate the reduced motor cortical activity, the hyperactivation of the cerebellum in the Parkinsanian rat model could be mediated by the present increase in the cerebellar excitatory amino acid neurotransmitters; glutamate and aspartate together with the decrease in the inhibitory GABA, glycine and taurine neurotransmitters.
All glutamate is formed from glucose within the CNS because glutamate does not readily cross the blood-brain barrier (Gruetter et al. 1994) . Therefore, the present increase in glutamate in the cerebellum of rat model could be explained by the reported increase in the rate of metabolism through tricarboxylic acid cycle.
Although the increase in the excitatory neurotransmitters may compensate for the deficits in the functions of the motor cortex, the present increase in glutamate and aspartate may have negative insults. Glutamate excitotoxicity together with oxidative stress may lead to neuronal death (Schulz et al. 2000; Sayre et al. 2001) . Several studies have shown that the increase in the excitatory amino acid glutamate in the synapse results in excitotoxicity and can cause, in severe cases, neurodegeneration. The excessive stimulation of the amino acid receptor NMDA results in massive influx of calcium which is the main cause for neurodegeneration (Manev et al. 1989 ). The inhibitory amino acid neurotransmitters can counteract the increase in excitatory neurotransmitters and alleviate its hyperexcitability. However, the present recorded decrease in GABA, glycine and taurine may exaggerate the state of excitotoxicity. Dysfunction of GABAergic neurons such as the imbalanced generation of glutamatergic and GABAergic neurons is implicated as a cause of various neurodevelopmental disorders (Ben-Ari et al. 2007; Rossignol 2011) .
Cerebellar Purkinje neurons release GABA, which exerts inhibitory actions on the dentate nucleus and certain deep cerebellar output neurons, thereby reducing the transmission of nerve impulses and enabling Purkinje cells to regulate and coordinate motor movements (Bowery et al. 2002) .
The cerebellar nuclei have different types of projection neurons: output neurons as glutamatergic principal cells projecting to premotor structures or glycine-containing large neurons of the medial nucleus supplying brainstem nuclei (Wassef et al. 1986; Bagnall et al. 2009 ), small GABAergic neurons mediating the nucleo-olivary feedback loop (De Zeeuw et al. 1997) , and nucleo-cortical neurons (Houck and Person 2014) . A massive GABAergic input projects from the Purkinje cells found in the cerebellar cortex to all these neuronal types (De Zeeuw and Berrebi 1995; Uusisaari and Knöpfel 2008) , thereby controlling the output of these nuclei (Person and Raman 2012; Chaumont et al. 2013) . The glycine immunoreactivity of many small somata in the cerebellar nuclei (Bäurle and Grüsser-Cornehls 1997; Zeilhofer et al. 2005) and the abundance of glycinergic synapses in the cerebellar nuclei of wild-type animals (De Zeeuw and Berrebi 1995) and Purkinje cell degeneration (PCD) mutants (Bäurle and Grüsser-Cornehls 1997) established the inhibitory nature of these local neurons.
The present decrease in GABA and glycine levels results in a shift in the GABA/glutamate balance towards the excitatory state. This in turn may explain many of the tremors that have been observed with PD patients. Several studies reported that the decrease in GABAergic activity is the main cause of essential tremors (Paris-Robidas et al. 2012) . Thus, the recorded decrease in GABA and glycine in the present study may reduce the control on the excitability mediated by glutamate and aspartate.
The present changes in amino acids were accompanied by a state of oxidative stress in the cerebellum under the effect of rotenone as clear from the significant increase in lipid peroxidation and NO and the significant decrease in GSH. In addition, a significant decrease in AChE and a significant increase in Na + ,K + -ATPase activities were obtained in the PD rat model.
It has been reported that excessive NMDA activation by glutamate could lead to massive influx of calcium ions. Intracellular calcium overload has a crucial role in disrupting calcium homeostasis. This mechanism mediates the production of free radicals and initiation of oxidative stress. Therefore, the present recorded increase in free radical will attack the neuronal cell membrane causing the observed increase in lipid peroxidation. Exacerbating this effect is the vulnerability of brain tissue to oxidative stress due to the high consumption of oxygen, high level of polyunsaturated fatty acids, presence of redox-active transition metals such as Cu 2+ and Fe 2+ and deficiency of antioxidant enzymes (Halliwell 1992) .
Moreover, calcium overload can stimulate nitric oxide synthase (Schulz et al. 1995) . Thus, the significant increase in cerebellar NO level could be attributed to the activation of neuronal nitric oxide synthase. NO may interact with singlet oxygen (Korhonen et al. 2005) producing the potent damaging compound, peroxynitrite. Therefore the present increase in lipid peroxidation is a consequent result to the increased excitatory amino acid concentration beside elevated NO content induced by the intrastriatal injection of rotenone. In addition, the present decrease in cerebellar GSH may be due to its consumption in scavenging the generated free radicals.
The study of Tsakiris et al. (2000b) reported that AChE is very sensitive to free radicals that can inhibit the enzyme activity. This could interpret the present decrease in AChE activity. In the cerebellum, nicotinic acetylcholine receptors mediate the release of glutamate (Reno et al. 2004) . Therefore, this decrease in AChE activity may also exaggerate the state of depolarization and excitation by elevating cerebellar ACh that can interact with nicotinic receptors.
Since Na + ,K + -ATPase is the enzyme responsible for maintaining the membrane ionic gradient by the efflux of Na + and influx of K + , the present increase in the activity of cerebellar Na + , K + -ATPase enzyme could be viewed as a mechanism to counteract the resultant cerebellar excitation. Moreover, this increase in the enzyme activity could be a consequence of the hypermetabolism that has been reported in the cerebellum of Parkinsonian patients which results in an increase in the production of ATP, the main substrate for Na + ,K + -ATPase.
There is strong evidence that inflammation in the brain, mediated by the activation of microglia, might be involved in the pathogenesis of PD (Mogi et al. 1994) . It has been suggested that the microglia activated by rotenone may be responsible for the release of TNF-α which causes neuronal degeneration (Zaitone et al. 2012) .
The present results showed a significant increase in TNF-α level indicating cerebellar inflammation. TNF-α, a potent pro-inflammatory cytokine, has a promoting role in neuroinflammation-mediated progressive neurodegeneration (Montgomery and Bowers 2012) . The increase in TNF-α level in the cerebellum of rat model of PD reflects the development of neuroinflammation as a consequence of the excitotoxicity and oxidative stress. It is clear that PD is a multifactorial disease which is characterized by selfperpetuating cascades involving a myriad of deleterious events at various stages including mitochondrial dysfunction, short-term and long-term oxidative and nitrosative stress, energy crisis, excitotoxicity, neuroinflammation and protein aggregation (Moore et al. 2005) . These events work together to promote cell death.
The present histopathological examination of the cerebellum of rat model of PD induced by the intrastriatal injection of rotenone showed neurodegeneration in Purkinje cells as indicated from the marked necrosis of Purkinje cells, cytoplasmic shrinkage, pyknotic nuclei and chromatin condensation. These histopathological changes could be attributed to the excitotoxicity that arises from the excessive stimulation of NMDA by glutamate and aspartate which leads to Ca 2+ overload, oxidative stress and neuroinflammation.
The present histopathological changes showing the degenerated Purkinje neurons may explain the decrease in the GABA levels in the cerebellum of PD rat model which could be attributed to the degeneration of the GABAergic Purkinje cells that control excitability by inhibiting glutamate release. This mechanism may underlie the resting tremors that occur in PD. The present results extend our understanding of the importance of the cerebellar excitatory and inhibitory amino acid neurotransmitters in the pathogenesis of PD. Accordingly, these changes should be taken into consideration during the treatment of PD. Restoring the balance between GABAergic and glutamatergic activity in the cerebellum may play a role in reducing resting tremors associated with PD.
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